e aim of this research is to evaluate arsenic distribution and associated hydrogeochemical parameters in 27 randomly selected boreholes representing aquifers in the Al-�harj geothermal �elds of Saudi Arabia. Arsenic was detected at all sites, with 92.5% of boreholes yielding concentrations above the WHO permissible limit of 10 g/L. e maximum concentration recorded was 122 g/L (SD = 29 g/L skewness = 1.87). e groundwater types were mainly Ca +2 -Mg +2 -SO 4 −2 -Cl − and Na + -Cl − -SO 4 −2 , accounting for 67% of the total composition. Principal component analysis (PCA) showed that the main source of arsenic release was geothermal in nature and was linked to processes similar to those involved in the release of boron. e PCA yielded �ve components, which accounted for 44.1%, 17.0%, 10.1%, 08.4%, and 06.5% of the total variance. e �rst component had positive loadings for arsenic and boron along with other hydrogeochemical parameters, indicating the primary sources of As mobilization are derived from regional geothermal systems and weathering of minerals. e remaining principal components indicated reductive dissolution of iron oxyhydroxides as a possible mechanism. Spatial evaluation of the PCA results indicated that this secondary mechanism of arsenic mobilization may be active and correlates positively with total organic carbon. e aquifers were found to be contaminated to a high degree with organic carbon ranging from 0.57 mg/L to 21.42 mg/L and showed high concentrations of NO 3 − ranging from 8.05 mg/L to 248.2 mg/L.
Introduction
Arsenic is a toxic and carcinogenic metalloid which is geogenic in origin and has been shown to be detrimental to human health when present in the environment [1, 2] . e major source of human exposure to arsenic is drinking water. In order to check its adverse effects the World Health Organization (WHO), the US Environmental Protection Agency (USEPA), and the European Commission have proposed guideline for arsenic in water (10 g/L). Arsenic has been shown to occur in shallow aquifers above the limit in groundwaters across the world [3] . Arsenic had been shown also to occur in groundwater of arid and semiarid environments [4, 5] . ere have been reports of occurrence of arsenic in Saudi Arabian aquifers, and the arsenic contamination of groundwater could potentially have wider effects due to the use of groundwater as a main source of water in Saudi Arabia [6, 7] .
Arsenic mobilization in groundwater is linked to geologic setting and sedimentary components, which control the geochemistry and release of As into groundwater from bedrocks. e geochemistry of groundwater is dominated by redox processes occurring at the sediment-water interface. Adsorption capacity of the mineral surfaces also depends on geochemical parameters, such as pH, electrical conductivity (EC), ionic composition, and mineral type. us hydrogeochemical characteristics, such as the oxidation state of the mineral phases, and the associated cofactors affecting arsenic-containing solid phases, are responsible for arsenic mobilization. Aquifers with high arsenic content are characterized by high concentrations of bicarbonate, high pH and dissolved iron under reducing conditions and by sulfate, low pH, and iron precipitate under oxic conditions [8, 9] . Arsenic exists in two interconvertible oxidation states, As(III) and As(V). As(III), or arsenite, exists as an uncharged species (H 3 AsO 3 ), whereas the dominant As(V) or arsinate exists as anions (H 2 AsO 4 − and HAsO 2 4− ). Arsenic as a redox sensitive contaminant is proposed to obtain mobility in aquifers mainly by dissolution of Fe oxides of As into the aqueous phases [10, 11] . is process is especially shown to be biologically mediated in the presence of organic matter [12] . ere has also been enormous amount of research done in relation to elevated concentrations of As in geothermal �elds and hot springs. High levels of As, B, Fe, Mn, and Sb occur due to mixing of cold waters with geothermal �uids and are oen associated with a high total dissolved solids (TDS) [13] . e Saudi Arabian aquifers are formations existing in the Arabian shield and the Arabian shelf of the quaternary and cenozoic age. ese are dozens of hot springs scattered across the country and are sometimes the subject of exploration for renewal energy [14] . A study carried by Bazuhair et al. in 1990 indicates Al-Kharj to have had hot springs, since then the hot springs have dried due to decrease in water table but the geothermal gradient exists in the deep aquifer environment [15] .
Studies of arsenic hydrogeochemistry and mobilization oen involve evaluation of numerous factors, and these factors can be analyzed with multivariate statistics to elucidate underlying processes. Processes like carbonate dissolution, silicate weathering, and ion exchange were found to control major-ion chemistry by using the geochemical modeling and principal component analysis [16] . Hierarchical cluster analysis (HCA) and principal components analysis (PCA) were used to elucidate aquifer geochemistry and understand evolution of hydrogeochemical characteristics of groundwater in 153 sites over a 1500 sq⋅km 2 area [17] . Geothermal waters from geothermal wells and hot springs were classi�ed into two factors, one indicating the reservoir temperature distribution and the other indicating hydrogeochemical processes resulting from the CO 2 pressure decrease in geothermal water during its ascent towards the ground surface [18] . Estimation of total arsenic and inorganic speciation for surface and groundwater samples was performed by using principal component analysis, cluster analysis, metalto-metal correlations, and linear regression analyses [19] .
e aim of this work is to (i) report the detection of As above the WHO permissible limit in Al-Kharj geothermal �elds, which has been done for the �rst time from this region and (ii) quantitatively evaluate the Al-Kharj area for arsenic contamination [As] tot , moreover, information on hydrogeochemical parameters [pH, EC, TDS, major anions (HCO 3 − , NO 3 − , Cl − and SO 4 −2 ) and major cations (Ca +2 , Mg +2 , Na + and K + )] has been obtained to characterize the quality of water as it relates to the As data. Furthermore, relevant data on trace elements (Fe, Mn, Li, and Sb) to delineate arsenic geochemistry in the study area is also collected. e large dataset is subjected to multivariate statistics, using Principle Component Analysis (PCA) and Cluster Analysis (CA) techniques to determine similarities and dissimilarities in hydrogeochemical properties, and to make predictions about the As mobilization processes in aquifers of Al-Kharj region. (Figure 1 ). AlKharj is one of the �ve major agricultural regions in the country, surrounded by Wadi Dawasir, Hofuf, Gassim and Taif in the southwest, northeast, northwest, and west, respectively, of the region. e climate in this area is typically arid, with an annual precipitation of 132 mm. Al-Kharj is considered to be a lowland with alluvium deposition. e soil type is entisol and aridisol with saline and calcareous pro�les [20] . e aquifers in Al-kharj are contained within the Eocene Dammam Formation and Miocene-Pleistocene sedimentary rocks present within the stable shelf tectonic unit between the Arabian shelf and western Precambrian shield [21, 22] . Major recharge of the aquifer systems in this region has been estimated to have occurred during pluvial periods, some 25,000 to 30,000 years ago, based on isotopic methods (stable carbon, oxygen, and hydrogen) [23, 24] . e recharge of these aquifers has been estimated to occur at a rate of 15% of the total annual rainfall that is, 100 mm approximately [25, 26] .
Materials and Methods

Sampling and Analytical
Methods. e groundwater sampling was collected from 27 boreholes in and around the centrally habitated Al-Kharj agricultural area ( Figure  1 ). e boreholes were purged to about three borehole volumes before the sampling was done; the pH and EC were measured on spot to obtain instantaneous and stabilized measurements. e samples were collected in polypropylene containers which were previously cleaned and prepared with 5 M HNO 3 . e samples were analyzed for major ions (Na + , K + , Ca +2 , Mg +2 , HCO 3 − , Cl − , and SO 4 −2 ) and some minor ions (NO 2 − NO 3 − ) using the standard protocols suggested in American Public Health Association, (APHA, AWWA, WAF) [27] . Groundwater samples were �ltered by 0.45 m Millipore �lter paper and acidi�ed with 2N HNO 3 (Ultra pureMerck) for cation analysis and trace metal measurements. e anions NO 2 − NO 3 − , Cl − , and SO 4 −2 were analyzed using the Ion Chromatograph-Conductivity Detection (Shimadzu, LC-20AD-SP, Non-Suppressor) with Shim-pack IC-A3 (150 mmL. 4.6 mm I.D.) column and 8.0 mM pHydroxybenzoic Acid: 3.2 mM Bis-Tris as mobile phase at 1.5 mL�min �ow rate and 40 ∘ C using Electric Conductivity Detector (ECD). e trace element data was obtained by acidifying and subjecting to analysis using the ICP-OES (Perkin Elmer, Model 4300 DV). Sodium and Potassium were measured using �ame photometry and calcium and magnesium were measured using the ICP-OES. TOC is measured by high temperature catalytic oxidation method using Shimadzu TOC-VCPN analyzer [28] . As the TOC in groundwater is mainly composed of the inorganic carbon in comparison to a relatively very minimal amount of organic carbon, nonpurgeable organic carbon (NPOC) method is used to quantitate the organic carbon. In this method �rst the total inorganic carbon (TIC) is purged before any organic carbon measurement is performed; the remaining organic matter is then oxidised to CO 2 and quanti�ed as nonpurgeable organic carbon (NPOC). e concentration of HCO 3 − was determined by acid titration.
Statistical Analysis and Data
Treatment. e correlation between the arsenic concentrations and physiochemical properties of groundwater was obtained in the form of Pearson correlation coefficients from the raw data. Principal component analysis (PCA) was used to reduce large number of variables to representative factors called "Principal Components�. e aim was to delineate underling processes de�ned by parameters/variables like the physiochemical properties of groundwater, organic content, and trace element data. e components accounting for the maximum variance in the PCA output were chosen as signi�cantly relating to the arsenic hydrogeochemistry. Proc factor procedure in the Statistical Analysis Soware (SAS) was used to compute the eigenvalues and the components with eigenvalues greater than one were considered. Varimax rotation of component matrix was performed to maximize the variance between the components and simultaneously reduce the number of variables having high loading/score in each component to facilitate easy interpretation of the components. Hierarchical cluster analysis (HCA) was used as classifying tool aiming to club different sampling locations in the Al-Kharj region into few clusters with common underlying structures and to possibly explain the components obtained from PCA as detailed [29] . e clustering was done on the basis of Wards-algorithmic and shown in the form of dendrograms (Squared Euclidian distances). e multivariate analysis dataset essentially comprised of both the physiochemical properties with high numeric range and trace metal data with low numeric range, therefore before performing the PCA or HCA, data transformation/standardization was done to avoid the uneven contribution of few variables with high numeric values on the overall variance in the analysis. For effective scaling, the following transformation was applied:
where is the transformed variable, is the actual variable, is the mean for a speci�c variable, and in the dataset is the standard deviation, SD. is scaling method was selected as it represents the best data transformations methods for data with least number of outliers (extreme Maxima and Minima). �uality control was assured by �tting the data to normal distribution plots (not shown in paper). e variables were fairly linear, and any outliers were detected and dealt with before executing the multivariate methods. Data transformations, linear regression, and other multivariate methods were performed either by using the MS excel or the SAS statistical soware (SAS Institute, Inc., 1998). water, our values were within the desirable 6.5 to 9.5 range [30] . e maximum EC was recorded as 290.2 S/cm, and the minimum was 1.39 S/cm. e maximum TDS value was 2,06,042 mg/L, and the minimum was 989.11 mg/L. According to the TDS classi�cation, 33.3% of the sampling sites were fresh water (TDS < 2000), 59.2% of the sampling sites were brackish water (2000 < TDS < 10000), and 7.4% were saline (TDS > 10000) [31] . Nitrate and Nitrite were detected at all the sites, but nitrite is quantitatively less than the nitrate, high levels of nitrate quantities re�ect intensive use of fertilizers in the studied region. A careful study of the major ion chemistry of the collected groundwater can reveal the �ow path of the aquifer because high Ca + : Mg + ratios, low SO 4 2− , and high HCO 3 − occur at the recharge zones. Conversely, the opposite conditions generally prevail in discharge zones. �n addition, the �ow pattern of the aquifer system in the Dammam Formation is believed to be in the upward and northerly direction [21, 36] .
Results and Discussion
Arsenic was detected at all the sites, with 92.5% of the boreholes showing concentrations above the WHO permissible limit of 10 g/L, with a maximum of 122 g/L [37] . Manganese and iron were linked to arsenic release from the bedrock interface in the aquifer system. Manganese was detected in the range of 6 g/L to 14 g/L, and iron was detected within the range of 129 g/L to 236 g/L.
Journal of Chemistry 5 T 2: Trace element data for Al-Kharj groundwater forming the characteristic of aquifers spread in an area of 50 sq. Km. is indicated that iron was quantitatively more abundant than manganese in the aquifer strata, a characteristic of the minerals present, and part of the mineralization process. Boron was detected at all the sampling sites, with a range of 25-4254 g/L. Lithium concentrations were detected between 9-210 g/L, while antimony was detected in the range of 0-1158 g/L. e detection of high concentrations of boron, antimony, lithium, and a correlation coefficient of 2 = 0.6 between boron and arsenic indicates the presence of geothermal activity in the region [13] . Also the correlation of lithium and boron is 0.56 indicating the presence of geothermal activity in the area as boron and lithium are considered as geothermal tracers [13] . Piper diagrams traditionally have been used to understand groundwater chemistry processes, and to predict the nature and origin of water types. Figure  2 shows piper diagrams with respect to major sedimentary facies. Groundwater mainly was composed of Ca +2 -Mg +2 -SO 4 −2 -Cl − and Na + -Cl − -SO 4 −2 types, accounting for 67% of the total. Two major types of hydrochemical facies accounting for 67% and remaining to 33% of the hydrochemical facies may re�ect a distinct fracture pattern in the lithology of the region [15] and could determine the arsenic release mechanism. e �rst component (PC1) has a positive loading for arsenic and boron with negative loadings for Fe. is indicated that this component accounted for the maximum variance of the PCA and was representative of arsenic and boron release due to geothermal systems and mineral weathering [38] [39] [40] . is can be con�rmed by the observation that boron correlated with Na + and SO 4 −2 , with values of 0.82 and 0.71, respectively. Also arsenic correlation with iron is poor ( 2 = 0.0018) and Fe has a negative factor loading in the PC1. Moreover, arsenic has been shown to be relatively soluble in hot and warm hydrothermal �uids [41] . e subsequent principal components supported this interpretation.
�.�. ��en�i�c��i�n �� ��in �r�cesses ���sin� ��e �e�e�se ��
e second component (PC2) indicates the reductive dissolution of iron oxides as a possible mechanism. is component had a maximum loading for TOC and HCO 3 − and a positive high loading for Fe. Spatial evaluation indicated that a secondary mechanism of mobilization could be active and has a positive correlation with TOC. is mechanism relates to biologically mediated arsenic release due to the reductive dissolution of iron containing oxide from the mineral phase in the presence of organic matter [12] . Sites 6, 8, 15, 16, 17, 18 , and 19, which constituted 25% of the total composition, had an 2 of 0.53. e presence of freely dissolved iron in groundwater obtained from agricultural areas of the AlKharj region has been shown in other studies [42] . e two prominent types of mechanisms occurring in the subsurface sediments can be understood further by cluster analysis. Cluster analysis of the sampling sites with regard to As and B resulted in two distinct structural groupings, sites 2, 18, 3, 25, 16, 23, 4, 12, and 13, and another group of 6, 20, 21, 24, 19, 17, 15, 7, 14 , and 22 ( Figure 3) . e presence of two distinct clusters in the pattern for As and B indicates the underlying communality in relation to hydrogeochemical properties. e deviation from a single main cluster could be due to the K + and PO 4 −3 present in the aquifer, as Al-Kharj is an agricultural region and has a considerable amount of fertilizer input and from leaching of fertilizers and pesticides added from anthropogenic sources, this could impact the subsurface geochemistry. is dendrogram can represent the PC1 obtained from the principal component analysis. e second dendrogram in Figure 3 refers to the clustering of sites with respect to As, Fe, Mn, TOC, NO 3 − , HCO 3 − . e dendrogram provides numerous unclear clusters and the level of similarity lying in the subclusters is less (Similarity expressed as % on -axis of the dendrograms), indicating the interaction of various factors involved along with the process of mobilization of arsenic through reductive dissolution of ferrous oxyhydroxide. is dendrogram can represent the PC2, PC3, PC4, and PC5 components. While PC1 and PC2 are being recognized as the main components and this �ts well with the water type classi�cation which is mainly two types Ca +2 -Mg +2 -SO 4 −2 -Cl − and Na + -Cl − -SO 4 −2 . While cluster analysis can be used to exactly extract clusters and relate to principal components, in our case the commonalities in the clusters obtained from the cluster analysis have been used to relate to the PCA output. More exact relation can probably be obtained by having more explicit details pertinent to the regions geology and lithology which unfortunately is not available for this kind of research from Al-Kharj region, Saudi Arabia so far. Also this paper does not undertake the speciation of arsenic to arsenite As(III) and arsenate As(V) which could have helped in relating the data more to the groundwater chemistry of the region. Also the components PC3, PC4, PC5 can in principle be ignored as they account for mere 10.1%, 8.4%, and 6.5% of the total variance and their eigenvalues are far less than the average of the �ve eigenvalues. 
Miscellaneous Processes. While reductive dissolution of
As from arsenopyrites/Fe oxihydroxides is a biotic process, the competitive effect of direct carbonate ions in ground water is proposed to be another major abiotic process of As release [43] . e bicarbonate exhibits poor correlation with total As concentration indicating that direct competitive effect of bicarbonate on As for adsorbtion site is not a process occurring in As mobilization at Al-Kharj region (Figure 4) . e presence of nitrate in anoxic waters is linked to the chemolithotropic dinitri�cation of arsenite to arsenate. is is believed to facilitate the anoxic oxidation of ferrous iron Fe(II) and the arsenite As(III) to ferric iron Fe(III) and less mobile arsenate As(V) [44] . is process does not appear to be occurring in the largely anoxic sul�dic waters of the Al-Kharj aquifers as nitrate and arsenic do not exhibit a signi�cant negative correlation as would be expected by this process (Figure 4 ). e nitrate presence should facilitate the process of oxidation of arsenite to arsenate which is relatively less mobile and reprecipitated to the Fe hydroxides, if this process would occur the nitrate correlates negatively to the total As content, but that does not seem to be the case in the Al-Kharj aquifers.
Geothermometry to Access Correlation of As Release to
Temperature Gradient. A direct comparison of the temperature from wellheads has in many cases shown low correlations comparing the arsenic levels with the temperature gradient [13, 16, 45] . And therefore most of the researches have relied on understanding the mobilization of arsenic through hydrogeochemical data, this paper does the same. It can be realized that there are divers geothermometric technique like Na/K geothermometer, Na/Li geothermometer, and SiO 2 geothermometer which are used to assess the exact temperature of geothermal waters at the point of origin, but these techniques depend on the hydrochemical properties and have been largely restricted in efficiency of use [46] . erefore this paper does not attempt to report or enhance on the role of temperature in arsenic mobilization. A more precise hydrochemical characterization of mixing between thermal and nonthermal groundwater as performed by Navarro et al., 2011 and Piqué et al., 2010 is suggested to an enhanced understanding of the geochemistry, geothermal mechanisms, lithology, and geomorphology in Al-Kharj geothermal �elds [13, 45] .
Conclusions
Characterization of hydrogeochemistry and arsenic contamination in geothermal systems of Al-Kharj aquifers in Saudi Arabia has been done to understand the primary processes causing the arsenic mobilization into the groundwater. e main processes responsible are geothermal, and this has been established with different geothermal tracers and geostatistics. e reductive dissolution of arsenic bearing minerals could also be a process occurring, this has been observed and concluded as the aquifer systems in Al-Kharj region show signi�cant amounts of TOC content and experience a slow water moment with low recharge rates, which is why the system has only two major water types classi�cation. e processes like the mobilization due to competitive effects of carbonate ions to As and chemolithotropic dinitri�cation of arsenite to less mobile arsenate can be ruled out in this system which is characteristically anoxic and high in sulphate levels. A thorough investigation though is needed to comprehensively study this system which may include pro�ling mineralogical and morphological patterns of the sedimentary rocks and aquifer system along with hydrogeochemical studies.
